Introduction
[2] Oscillations close to the planetary period ($10.8 hours) are omnipresent in Saturn's magnetosphere, having been observed in the magnetic field, plasma parameters, and radio wave emissions. Such oscillations were first discovered in Voyager observations of Saturn kilometric radiation (SKR) emissions, which were found to undergo ''clock-like'' modulations in intensity, independent of the position of the observer, with a period of $10.66 hours [Desch and Kaiser, 1981; Warwick et al., 1981] . This modulation was taken to be produced by some rotating anomaly (e.g., magnetic) at the planet, such that this period became the official International Astronomical Union value for the rotation period of Saturn. Subsequently, however, investigations using Ulysses and Cassini radio data have shown that the SKR period varies over yearly intervals by as much as 1%, such changes being far too large to be associated directly with the planet itself [Galopeau and Lecacheux, 2000; Gurnett et al., 2005; Kurth et al., 2007 Kurth et al., , 2008 .
[3] Oscillations near the planetary period have also been observed in magnetospheric charged particle and magnetic field data, initially using data from Pioneer-11 and the Voyager spacecraft [Carbary and Krimigis, 1982; Espinosa and Dougherty, 2000; Espinosa et al., 2003a Espinosa et al., , 2003b , and subsequently from Cassini [Krupp et al., 2005; Cowley et al., 2006; Giampieri et al., 2006; Clarke et al., 2006; Gurnett et al., 2007; Carbary et al., 2007a Carbary et al., , 2007b Carbary et al., , 2008a Carbary et al., , 2008b . Unlike the clock-like SKR modulation, these plasma and field perturbations rotate around the planet with a sidereal period which is close to the SKR period, the rotation resulting in Doppler shifts in the observed signals due to the azimuthal motion of the spacecraft [Cowley et al., 2006; Giampieri et al., 2006; Gurnett et al., 2007; Carbary et al., 2007c; Southwood and Kivelson, 2007] . Within the low-latitude quasi-dipolar ''core'' region of the magnetosphere, inside radial distances of $12 R S , the perturbation field takes the form of a rotating quasi-uniform equatorial field of a few nT amplitude, such that the radial and azimuthal field components oscillate in quadrature with comparable amplitudes, with the radial component leading the azimuthal in phase. An oscillating colatitudinal component is also present, in phase with the radial component [Andrews et al., 2008] . (Here R S is Saturn's radius, equal to 60,268 km.) The phase of these magnetic oscillations was determined by Andrews et al. [2008] for the initial near-equatorial period of the Cassini mission, and was extended to cover the interval from Saturn orbit insertion (SOI) in mid-2004 to the end of 2007 by Provan et al. [2009] . These studies show that the variations of the magnetic phase lie within the scatter of the SKR phase data determined by Kurth et al. [2007 Kurth et al. [ , 2008 , such that these oscillations share the same slowly varying period to within the accuracy of the measurements (corresponding to a fraction of one oscillation over $3.5 years). Their relative phase is such that SKR power maxima occur when the equatorial perturbation field points radially outward at $0200 LT. Provan et al. [2009] also demonstrated that related oscillations are present on open field lines at high latitudes, and determined their polarization characteristics and phase relative to the equatorial oscillations. They suggested that the overall pattern of field perturbations may be produced by a rotating longitudinally asymmetric ring current system, with field-aligned closure currents flowing principally to and from the southern summer ionosphere. Khurana et al. [2009] have also discussed these phenomena in terms of a rotating asymmetric ring current system, but instead ascribe the oscillatory field effects to the seasonal action of the solar wind flow relative to the planet's magnetic axis.
[4] Most recently it has also been shown that the location of Saturn's auroral oval undergoes oscillations close to the planetary period. Nichols et al. [2008] analyzed ultraviolet (UV) images of Saturn's southern aurora obtained during two recent Hubble Space Telescope (HST) campaigns, during 13 -26 January 2007 and 1 - 16 February 2008 , and showed that the center of the oval executes small-amplitude oscillations at close to the planetary period. Specifically, the center describes an elongated ellipse of semimajor axis $2°colat-itude, aligned along the prenoon to premidnight direction. Nichols et al. [2008] suggested that these oscillations could be due to the presence of a rotating external current system which is similar in form to that discussed by Provan et al. [2009] but is based on the theoretical discussion of Goldreich and Farmer [2007] .
[5] Clearly a significant step in determining the physical origin of the oscillations in the auroral oval is to establish their phase relative to other oscillatory phenomena, particularly the magnetic field oscillations and SKR power modulations. This is the principal purpose of the present paper. We note, however, that the SKR modulation phase was determined by Kurth et al. [2008] to mid-2007, while the equatorial magnetic oscillation phase was determined by Provan et al. [2009] to the end of 2007, such that both phase models cover only the interval of the first HST campaign studied by Nichols et al. [2008] . In section 2 we thus first discuss the equatorial magnetic phase model, and use new phase data from the relevant interval of 2008 to verify that the model of Provan et al. [2009] can be extrapolated from the end of 2007 to cover the second HST campaign in February 2008. In section 3 we similarly discuss the phase of the southern auroral oval oscillations during each HST campaign, following Nichols et al. [2008] , and compare them with the equatorial magnetic field phase in section 4. In section 5 we specifically discuss the auroral oval oscillation phase relative to the SKR modulation given by phase model, but only for the first HST campaign in this case. In section 6 we briefly discuss the physical origins of the oval oscillations, before finally summarizing our findings in section 7.
Equatorial Magnetic Field Phase Model
[6] Following the results of Espinosa et al. [2003a Espinosa et al. [ , 2003b , Southwood and Kivelson [2007] , Andrews et al. [2008] , and Provan et al. [2009] discussed briefly above, the oscillatory equatorial perturbation magnetic field within the low-latitude quasi-dipolar core region of Saturn's magnetosphere may be expressed in spherical polar components referenced to the planet's spin axis as
and
where 8 is the azimuth angle from noon increasing in the direction of planetary rotation, equivalent to local time. We note that in the equatorial plane this represents a spatially uniform magnetic field lying in that plane that rotates in the sense of planetary rotation with a slowly changing synodic period given by
where (as employed throughout this paper) phase angles are expressed in degrees. At any time t the azimuthal angle of the perturbation magnetic field relative to the solar direction at each point in the plane (again taken positive in the direction of planetary rotation) is given simply by
The oscillating colatitudinal field component, which is in phase with the radial component, may also be represented by the form given by the right side of equation (1a).
[7] To determine the orientation of the rotating equatorial field relative to the displacements of Saturn's auroral oval, we thus need to analyze magnetic field observations within the low-latitude magnetospheric core region (defined for simplicity to be inside dipole L values of 12), to determine the magnetic phase function F M (t) during the HST campaign intervals. However, since Cassini generally spends only a small portion of its time during each $10 -30 day orbit within the core region, and none at all during the January 2007 HST campaign because of the expanded highinclination nature of the orbit then occurring, the magnetic phase during the HST campaigns must be determined from an overall model fitted to values determined from core region data obtained from orbit to orbit over the mission. The method adopted by Andrews et al. [2008] and Provan et al. [2009] employs the empirical SKR modulation phase, F SKR (t), as an exact ''guide phase'' relative to which the phase of the magnetic oscillations is determined. That is, we write
where F SKR (t) is the SKR modulation phase determined by Kurth et al. [2008] from SKR data obtained over the interval from the beginning of 2004 to mid-2007, as employed by Provan et al. [2009] , and y M is the relative phase of the magnetic oscillation. The SKR phase is represented by the empirical formula
where t is the epoch time in days since the start of 1 January 2004, ''baseline'' period t SKRo is exactly 0.4497 days (10.7928 hours), and DF SKR (t) is given by the polynomial
where the coefficients k i have the values
We note that the SKR phase is defined such that maxima in the radio power output occur at times t given by
where N is any integer, a condition we employ in section 5 to examine the relation of the auroral oval oscillation phase to the SKR modulation.
[8] For each Cassini periapsis pass through the core region we then determine the relative phase y M in equation (4) to modulo 360°by cross correlation between the model fields given by equation (1) and suitably filtered residual magnetic field data from which the internal planetary field has been subtracted. (The internal planetary field employed throughout is the ''Cassini SOI'' model of Dougherty et al. [2005] , consisting of centered dipole, quadrupole, and octupole terms.) This procedure thus assumes that y M can be treated as an approximate constant during each periapsis pass, while slow variations with time are revealed through the changes in y M from pass to pass. In principle the analysis yields y M values for each of the three magnetic field components for each pass, but as discussed by Andrews et al. [2008] and Provan et al. [2009] , some of the phase determinations are not included in the analysis due, e.g., to field variations at the spacecraft produced by the ring current entering the filter band (5 -20 hours), thus affecting the phase determinations. A cubic polynomial was then least squares fitted to the remaining phase data to yield an empirical model for y M (t), and hence for the magnetic oscillation phase through equation (4), derived from data from the SOI pass in mid-2004 to the periapsis pass of Rev 54 at the end of 2007. This fit is given by
where the coefficients k Mi have the values 
Results for the magnetic oscillation phase covering the intervals of the two HST campaigns are presented in Figure 1 , where we show phase y M versus time t over the interval t = 1000 -1600 days (since 0000 UT on 1 January 2004 as in equation (5) Phase data derived from Revs 30 to 54 using the crosscorrelation method outlined above are reproduced from Figure 5a of Provan et al. [2009] . Using the same data format as the latter paper, the red and green solid circles show the phases determined from the radial and colatitudinal field components, respectively, while the blue crosses show the values determined from the azimuthal component. The red line shows the cubic polynomial fit to these data (including data from the earlier epoch extending to the SOI pass at t % 180 days), given by equation (7). The overall RMS deviation of the data from the fitted line is $30°. As shown by Andrews et al. [2008] , however, much of this scatter is due to physical ''jitter'' in the magnetic phases determined from pass to pass, rather than being due to measurement uncertainties. We also note with Provan et al. [2009] that both the scatter and the overall model variations of y M (t) lie wholly within the (substantial) scatter of the SKR phase data over the interval to mid-2007 covered by the latter data.
[9] The magnetic phase model derived in this manner by Provan et al. [2009] thus covers the January 2007 HST campaign, but must be modestly extrapolated to cover the February 2008 campaign interval. Here we therefore wish to verify the appropriateness of the extrapolation through examination of magnetic field data from early 2008. In Figure 1 we have first added phase data from Rev 55 early in 2008 derived using the same cross-correlation technique as used by Provan et al. [2009] , and shown using the same symbol types. These data can be seen to be in reasonable agreement with the phase model. However, following Rev 55 the Cassini orbit was modified from near-equatorial inclinations to a near-polar orbit with a relatively small periapsis radius of a few R S , such that the spacecraft typically spent only $4 -6 hours crossing the core region from north to south during each periapsis pass. Since such intervals represent only half an oscillation period or less, the above crosscorrelation procedure can no longer be used to determine phase values. Instead, we have here determined the magnetic oscillation phase from Revs spanning the February 2008 HST campaign by examining the times at which the azimuthal magnetic field component B 8 in low-latitude core data passes through zero. We focus specifically on the azimuthal field component since it is the only component not strongly affected by the field of the symmetric ring current. We also focus on zero crossings (rather than, e.g., maxima or minima), since these will be unaffected by the essentially unknown variation of the oscillation amplitude with latitude away from the equator. We can, however, distinguish two types of zero crossing, those in which B 8 increases with time from negative to positive values, and those in which B 8 decreases with time from positive to negative values. From equation (1b) we note that in the former case we have F M (t) À 8 = 360N deg for integer N, where 8 is the spacecraft azimuth at the time of the zero crossing, while in the latter case we similarly have F M (t) À 8 = 360N + 180 deg for integer N. Using whichever of these expressions is appropriate to a given periapsis interval that contains a B 8 zero crossing, according to whether the field is rising or falling with time across the zero, these expressions can be combined with equation (4) to determine ''instantaneous'' values for y M to modulo 360°. We have continued to use the SKR phase defined by equation (5) as an exact guide phase in equation (4), as used by Provan et al. [2009] , though now lying rather beyond the interval (to mid-2007) in which it is constrained by fits to SKR data.
[10] An example of this procedure is given in Figure 2 , where we show Cassini magnetic field data from the periapsis pass of Rev 58, specifically for the 12 hour interval starting at 1200 UT on day 39 of 2008. This pass therefore occurred near the center time of the second HST campaign interval. Figures 2a -2c show the residual field components in spherical polar coordinates referenced to Saturn's spin and magnetic axis, from which the internal planetary field has been subtracted, again employing the Cassini SOI model of Dougherty et al. [2005] . We note, however, that the azimuthal component of the model planetary field is zero, so the azimuthal field shown in Figure 2c is as measured. Figures 2d -2f show the position data of the spacecraft, namely the radial distance r (R S ), the latitude (degrees), and the local time (hours). The dashed line in Figure 2d also shows the dipole L value of the spacecraft. It can be seen that during the interval shown the spacecraft passed from the northern premidnight sector to the southern postmidnight Figure 5a of Provan et al. [2009] , where red and green circles were derived from the r and q components of the magnetic field, while the blue crosses were obtained from the 8 component. The red line shows the cubic polynomial fit of Provan et al. [2009] to these data (extending from SOI to Rev 54). Here we add data from Rev 55 using the same analysis technique, shown using the same symbol types, together with data for Revs 58-63 determined from zero crossings of B 8 observed during Periapsis passes as described in the text, shown by the blue stars. Figure 2c is as measured. The black dashed line in Figure 2c shows the model field given by equation (1b) with an arbitrary amplitude of 4 nT, using the phase model of Provan et al. [2009] given by equations (4), (5), and (7). The dashed line in Figure 2d shows the dipole L value of the spacecraft. The vertical longdashed lines bracket the low-latitude region where the spacecraft lay within ±30°latitude of the equator, while the vertical dotted line marks the point within this region where the azimuthal field component passed through zero from negative to positive values. The magnetic oscillation phase y M is derived from the time and azimuth of this event as described in section 2 of the text.
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PROVAN ET AL.: SATURN'S AURORAL OVAL OSCILLATION PHASE sector, with periapsis occurring south of the equator at 1923 UT, at a radial distance of 3.276 R S . The vertical longdashed lines drawn on either side of the equator indicate the low-latitude region inside ±30°where the residual fields are smoothly varying compared with the structured fields at higher latitudes. Within the central low-latitude region the residual radial and colatitudinal fields in Figures 2a and 2b exhibit perturbations associated with the equatorial ring current within the inner magnetosphere, namely a colatitudinal field that is negative and slowly varying across the equator, and a radial component that reverses sense from positive in the north to negative in the south. The azimuthal field component in Figure 2c , which is expected to be dominated by the oscillatory field within this region, shows a rising value which passes through zero from negative to positive at the point indicated by the vertical dotted line. This occurs at $1729 UT, at a local time of 23 hours. Thus substituting appropriate values of t and 8 into F M (t) À 8 = 360N deg then yields y M = À83.6°to modulo 360°at this time. The black dashed line in Figure 2c shows the model azimuthal field given by equation (1b) using Provan et al.'s [2009] phase given by equations (4), (5), and (7), with an arbitrary amplitude of 4 nT. It can be seen that this curve passes through zero from negative to positive close to the observed position, showing that the y M value derived from this pass is close to that predicted at the relevant time by Provan et al.'s [2009] phase model. In fact the model phase y M at the time of the zero obtained from equation (7) is À96.2°to modulo 360°, which thus differs from the above value by only $13°.
[11] Phase data derived using this technique from five periapsis passes between Revs 58 and 63 to the end of March 2008, are shown in Figure 1 by the blue stars. It can be seen that these data are in good overall agreement with the phase model of Provan et al. [2009] given by equation (7) shown by the red line in Figure 1 . A cubic polynomial fit to the whole data set including the new phase data points is found to differ insignificantly from the published model. On this basis we thus continue to use Provan et al.'s [2009] phase model given by equation (7) to estimate the magnetic phase values during the February 2008 HST campaign interval.
Southern Auroral Oval Phase Model
[12] We now similarly discuss the oscillations of Saturn's southern auroral oval determined by Nichols et al. [2008] from the January 2007 and February 2008 HST campaign images, before relating them to the equatorial magnetic field oscillations in section 4. Nichols et al. [2008] fitted the equatorward boundary of the UV auroral oval to a circle, and determined the position of the center of the circle relative to the southern spin (and magnetic) pole of the planet in a Cartesian system in which X points toward the Sun (within $2°) and Y toward dusk, both coordinates being expressed in length units corresponding to one degree of colatitude from the pole. The set of these positions for each campaign interval was then subject to Lomb periodogram analysis to determine whether significant oscillations were present in either of these coordinates, and if so their period. Oscillations were found near the planetary period in both X and Y coordinates during both campaign intervals. Nichols et al. [2008] then determined the amplitude and phase of the oscillations by cross-correlation analysis assuming a common period t Ov for the X and Yoscillations during each campaign on the basis of the mean of those obtained from the Lomb analysis of the X and Y data. The oscillations are then expressed by the formulae Table 1 , we note that the uncertainty in these values estimated from the width of the Lomb spectral peak is approximately ±0.15 hours, such that they are quoted by Nichols et al. [2008] only to two decimal places. Also recorded in our Table 1 for ease of reference are the periods of the magnetic field oscillations corresponding to the center of each campaign interval, determined from equation (2) and the magnetic phase F M (t) given by equations (4), (5) and (7). These values, 10.822 hours for the January 2007 campaign and 10.826 hours for the February 2008 campaign (with uncertainties about 2 orders of magnitude smaller than for the oval oscillations), are each a little larger than those determined from the oval position data, by about $0.06 hours ($3.5 min), but it is clear that these values are consistent within the uncertainties, principally of the periods determined from the oval data. We also note from Table 1 that the oval oscillation amplitudes (a, b) in the X and Y directions are typically $1°-2°of colatitude about a mean position (x o , y o ) that is shifted by $2°from the planet's pole toward $0300 LT (i.e., toward the nightside and dawn).
[13] As discussed by Nichols et al. [2008] , a point whose motion is governed by equation (8) in general describes an ellipse in the X-Y plane about (x o , y o ) as center, with period t Ov . We may then define a new coordinate system centered on (x o , y o ) and rotated through angle 8 R (again taken positive from noon in the direction of planetary rotation) such that the X* and Y* axes are aligned with the semimajor and semiminor axes of the ellipse, respectively. The required angle of rotation is given by
where d = 8 xo À 8 yo . In this shifted and rotated coordinate system the motion is then described by
where semimajor axis a and semiminor axis b are given by
and phase angle 8* o is given by
The oscillation parameters so determined from the January 2007 and February 2008 campaign data are also given in Table 1 . As indicated by Nichols et al. [2008] , the motion is far from circular in each case, instead describing an elongated ellipse whose semimajor axis is inclined by $36°from the X 0 axis toward dawn. From equation (10a) the oval oscillation phase angle with respect to the rotated coordinates (X*, Y*) is given by
where 8* o is given by equation (10d). The oval oscillation phase angle with respect to the unrotated coordinates (X 0 , Y 0 ) is then given by
where 8 R is the rotation angle between these coordinate systems given by equation (9). We note, however, that the azimuthal angle of the oval displacement vector itself in these coordinates, given by
is only exactly equal to that given by equation (12) (to modulo 360°) when the vector lies on either the semimajor or the semiminor axes of the ellipse (unless the motion is exactly circular, a = b, in which case these azimuthal angles are identical to modulo 360°at all times). These results, together with the data given in Table 1 , will now be used to compare the oscillatory displacement of the oval derived from the HST images with the direction of the rotating equatorial magnetic field discussed in section 2.
Phase Relation of Magnetic Field and Auroral Oval Oscillations
[14] Results from the above analyses are shown in Figures 3 and 4 for the January 2007 and February 2008 campaigns, respectively. These first show the oscillation ellipses described by the center of the southern auroral oval in (X 0 , Y 0 ) coordinates (i.e., relative to the mean positions (x o , y o )) given by equation (8), where we recall that the X 0 axis points toward the Sun and Y 0 toward dusk. The view in Figures 3 and 4 is thus from the north looking ''through'' the planet onto the southern polar region, such that the center of the oval moves around this ellipse in the direction of planetary rotation, anticlockwise in these plots, at the period t Ov given in Table 1 in each case. The circles on each ellipse show the position of the oval center at specific times during each HST campaign interval as given by equation (8), chosen here for definiteness such that the displacement is located on the sunward-displaced semimajor axis of the ellipse. From equation (10a) the sequence of times at which this occurs in each campaign is given by putting
where N is any integer. For the January 2007 campaign we have chosen three such times with N = 27, 42, and 57, so that using the data from Table 1 and equation (14) we obtain Figures 3 and 4 show the direction of the rotating magnetic field in Saturn's equatorial magnetosphere determined from equations (3) - (5), at the same instants as for the circles. In deriving these directions we recall that t in magnetic field equations (1) -(5) corresponds to time in days since 0000 UT on 1 January 2004, such that to the values of t given above for the two campaigns we add 1096 days for the January 2007 campaign interval, and 1461 days for the February 2008 campaign. If the model rotation periods of the oval and magnetic field were exactly the same, the same phase relationship would be maintained over the interval of each campaign, such that the field directions in Figures 3a-3c and in Figure 4a -4c would be the same. However, as noted above this is not quite the case, so that the relative phase drifts with time. Figures 3a-3c and Figure 4a -4c thus show how the orientation of the magnetic field, determined at times when the model oval displacement is located on the sunward semimajor axis, varies over each campaign interval. We emphasize, however, that physically we expect the true periods of these two phenomena to be essentially identical (which is certainly the case within errors), such that this phase drift is not a real physical effect, but instead demonstrates the uncertainty range associated with the phase models. During the January 2007 campaign the angle between the magnetic field direction marked by the solid line and the oval displacement vector marked by the dashed line (taken anticlockwise from the latter to the former) decreases from 207°in Figure 3a at the start of the campaign Although the model angular variations during each campaign are thus quite large, $60°for the January 2007 campaign and $70°for the February 2008 campaign, it can be seen that the displacement of the southern auroral oval from its mean position is directed generally opposite to that of the oscillatory equatorial field in both cases.
[16] A less graphic but more general presentation of these results can be obtained by considering the angular difference between the azimuth of the equatorial magnetic field direction and the phase of the southern oval oscillation given by
where 8 M (t) is given by equation (3) and 8 Ov (t) by equation (12) (at appropriately defined common times t). We note that angle D8(t) corresponds directly to those quoted above in relation to Figure 5 (bottom) ) campaigns, respectively. It can be seen that D8 falls slowly with time over both intervals for reasons already discussed above. However, the value passes through 180°(horizontal dashed lines) during both intervals, close to the center time for the January 2007 campaign (as in Figure 3 ), and nearer the beginning of the interval for the February 2008 campaign (as in Figure 4 ). More exactly, for the January 2007 campaign the model phase difference falls from $208°at the beginning of the campaign to $148°at its end, with an averaged value of $178°, while for the February 2008 campaign the difference falls from $204°at the beginning to $132°at its end, with an averaged value of $168°. Again we emphasize that these variations in essence represent uncertainty ranges rather than a real physical variation. Overall, however, the results confirm the conclusion based on Figures 3 and 4 , that the displacement of the southern auroral oval from its mean position is directed nearly opposite to the direction of the rotating magnetic field in Saturn's equatorial plane.
Relation to SKR Modulation
[17] In addition to considering the relation of the oval oscillations to the rotating equatorial field, we can also use the above phase models to address the issue of the relation of the oval displacements to the SKR power modulation. The relationship between the rotating equatorial field and the SKR modulation has previously been discussed both by Andrews et al. [2008] and Provan et al. [2009] , the latter over the interval from Cassini SOI in mid-2004 to the end of 2007. Consistent with Andrews et al. [2008] , the latter authors found that SKR maxima as given by equation (6) occur at equatorial field angles defined by equation (3) of 8 M = 210°± 40°, equivalent to the field angle of À150°± 40°q uoted by Provan et al. [2009] . This condition therefore corresponds to times when the rotating equatorial field points radially outward at a local time of 2.0 ± 2.5 hours in the postmidnight sector, the uncertainty range lying within the overall scatter of the SKR and magnetic field phase data. Since southern oval displacements from their mean position HST campaign, where time t is given in days since 0000 UT on 1 January 2008. The horizontal dashed lines at 180°correspond to oval displacements that are directed opposite to the equatorial field direction (exactly so when the oval displacement is located on the semimajor and semiminor axes of the oscillation ellipse).
are directed approximately opposite to the orientation of the equatorial field, as established in section 4 above, this implies that SKR maxima should correspond to southern oval displacements that are directed generally sunward. We now consider this qualitative conclusion in a little more detail.
[18] The empirical model given by equation (5) describes the phase of the SKR power modulation derived by from Cassini radio data between 1 Jan 2004 and 10 August 2007 (i.e., t = 0 -1318 days), corresponding essentially to N = 0 -2929 in equation (6). We may therefore employ these equations to estimate the times of SKR maxima that occur during the January 2007 HST campaign, but not during the February 2008 campaign, and we thus restrict our attention to the former. Although the SKR emission is a considerably variable phenomenon, examination of relevant spectrograms indicates that equation (6) does indeed give a reasonable account of the times of periodic SKR maxima over the January 2007 campaign interval. However, Kurth et al. [2008] also report that SKR emissions are sometimes modulated with a rather shorter period of $10.6 hours in addition to the longer-period modulations at $10.8 hours that are more consistently present and described by equations (5) and (6). According to Kurth et al. [2008] , these shorter-period modulations were indeed present during the first HST campaign, though with an amplitude generally less than that of the longer-period oscillations (see, e.g., their Figures 5 or 11) . Here we therefore continue to concentrate on the phase relations between the oval oscillations and the longer-period SKR modulations, but will comment on possible relations with the shorter-period modulations at the end of the section.
[19] According to equation (6), a total of 31 periodic maxima in the SKR power are expected during the interval of the January 2007 HST campaign (t = 12-26 days). These start with N = 2464 in equation (6) at t = 12.198, and end with N = 2494 at t = 25.729 days, with the ''middle'' maximum corresponding to N = 2479 occurring at t = 18.963 days. We note that these times lie between $0.7 and $2.5 hours later than those depicted in Figure 3 , where we recall that the model oval displacement specifically lay on the sunward-directed semimajor axis. In Figure 6 we thus similarly show the model location of the auroral oval displacement and the direction of the rotating equatorial field at the above times of SKR maxima corresponding to the start, middle, and end of the campaign interval. Because the model periods of the SKR and magnetic field oscillations are very close to each other, differing by only $0.003 hours (i.e., $10 s) during the campaign epoch [Provan et al., 2009] , the equatorial field directions shown by the solid straight lines in Figure 6 are essentially the same in Figures 6a -6c . The angles 8 M are 194. 7°, 196.4°, and 198.1°in Figures 6a, Figure 6 . Plots showing the direction of the rotating equatorial magnetic field and the displacement of the southern auroral oval from its mean position at times corresponding to SKR power maxima given by equation (6) (t = 12 -26 days) . Note that these times occur shortly after those shown in Figures 3a-3c in each case. 6b, and 6c, respectively, such that the field points radially outward at local times of 1.0, 1.1, and 1.2 hours, in conformity with the results of Provan et al. [2009] mentioned above. However, because the model oval period is somewhat smaller than both as previously discussed, the derived phase of the model oval displacement at SKR maxima varies significantly over the campaign. At the start of the campaign in Figure 6a , the model oval displacement at the relevant SKR maximum lies just past the sunward semimajor axis (8* Ov = 24.0°from equation (11)), corresponding to an azimuthal angle of the displacement relative to the X 0 axis given by equation (13) of À26.9°. In the middle of the campaign interval as shown in Figure 6b the phase angle increases to 8* Ov = 54.4°, such that the displacement vector now lies nearly on the X 0 axis with an azimuthal angle relative to X 0 of À9.3°. Finally, at the end of the interval in Figure 6c , the oval displacement now lies nearly on the duskwarddirected semiminor axis of the ellipse (8* Ov = 85.1°), corresponding to an azimuthal angle relative to X 0 of 40.6°. Again, the phase drift of $60°over the campaign interval most likely represents the uncertainty ranges of these quantities rather than real physical variations. Overall, these results confirm that (the longer-period) SKR maxima during the January 2007 campaign correspond to southern oval displacements in the sunward direction approximately along the X 0 axis, roughly antiparallel to the tailward-pointing rotating equatorial field at these times. Further discussion of this finding is given in section 6 below.
[20] We finally briefly discuss possible phase relations between the oval and magnetic field oscillations and the more intermittent shorter-period ($10.6 hours) SKR power modulations noted by Kurth et al. [2008] . Because a phase model of these modulations equivalent to equation (5) has yet to be presented, an analysis equivalent to that given above for the longer-period SKR modulation cannot be undertaken. Nevertheless a few relevant comments can be made. The first is that the magnetic oscillations observed within the magnetosphere are clearly related to the longerperiod SKR modulations and not the shorter-period modulations. The overall difference in period between the magnetic oscillations and the longer-period SKR modulations is of order $0.001 hours ($4 s [see, e.g., Provan et al., 2009, Figure 5c ]. More specifically, at the center of the 2007 HST campaign interval the magnetic period given by equations (2), (4), and (5) is 10.822 hours (Table 1) , while the longer-period SKR period derived from equation (5) is 10.825 hours, the difference being $0.003 hours ($10 s) as indicated above. These deviations correspond to a fraction of an oscillation over the $3.5 years of common data studied to date, as indicated in section 1. By comparison, the difference in period between the magnetic oscillations and the shorter-period SKR modulations is typically 2 orders of magnitude larger, $0.24 hours ($15 min) during the 2007 campaign interval [see Kurth et al., 2008, Figure 5] . This difference corresponds to a phase drift of $180°, from in phase to antiphase, every $10 days. Clearly there can exist no consistent relation between the equatorial perturbation field and the shorter-period SKR modulation over intervals even as short as the HST campaign intervals.
[21] The situation with regard to the oval oscillations is not quite so clear-cut. Even so, the period of the oval oscillations estimated by Nichols et al. [2008] ($10.76 ± 0.15 hours) lies rather closer to that of the longer-period SKR modulation ($10.82 hours) than to the shorter-period SKR modulation ($10.58 hours during the 2007 HST interval), by a factor of about three. The longer SKR period lies well inside the uncertainty interval of the oval oscillation period, while the shorter period lies just outside. Consequently, the phase drift of $60°between the oval oscillation and the longer-period SKR modulation over the 2007 HST interval noted above increases to $190°in relation to the shorter-period SKR modulation over the same interval. Thus, as for the magnetic field oscillations, the phase relation between the oval oscillations and the shorter-period SKR modulation over the 2007 HST campaign interval will be significantly less clear-cut than for the longer-period SKR oscillations depicted in Figure 6 .
Discussion
[22] As discussed previously by Nichols et al. [2008] , it seems most likely that the oscillating oval displacements investigated here are physically related to distortions of the magnetospheric magnetic field and its mapping to the ionosphere that are directly associated with the observed rotating system of magnetic field perturbations, which is in turn produced by a rotating external current system. The overall system of magnetospheric magnetic field perturbations deduced from the study of Provan et al. [2009] is summarized in Figure 7a . In this diagram the dashed lines schematically represent the nonoscillatory ''background'' field produced by the sum of the planetary field and the mean ring current and tail-magnetopause current systems, shown in some meridian plane containing the planet with the line marked ''N -S'' corresponding to the spin and magnetic axes. The solid lines then represent the overall directions of the oscillatory field perturbations at an instant of time when the rotating equatorial field discussed in this paper points from left to right in this plane. The perturbation field lines out of this plane can then be visualized by displacing the solid lines directly into and out of the plane of the diagram without significant distortion [see Provan et al., 2009, Figure 10b] . With increasing time this overall pattern of magnetic field perturbations rotates about the north-south (N-S) axis at the slowly variable period given by equation (2), giving rise to the oscillatory signals observed throughout the magnetosphere.
[23] If we then consider the magnetic perturbations in the quasi-dipolar equatorial magnetosphere shown in Figure 7a , it can be seen that they consist of two components, a northsouth (colatitudinal) component that is directed northward on the left of the diagram and southward on the right, and an equatorial field that is directed from left to right, i.e., radially inward on the left of the diagram and radially outward on the right (this being the rotating quasi-uniform equatorial field that has formed the primary focus of our discussion). The distortions of the background magnetospheric field lines produced by these field perturbations are illustrated schematically in Figures 7b and 7c . Figure 7b shows the distortions produced by the north-south fields, which, in the idealized situation envisaged, produces symmetric outward displacements of the field lines on the left, related to the associated weakening of the southward equatorial planetary field by the northward perturbation field, and symmetric inward displacements on the right, related to the corresponding strengthening of the equatorial planetary field by the perturbation field. Provan et al. [2009] suggest that these field distortions are produced by the presence of a rotating asymmetric equatorial ring current that is stronger on the left of the diagram than on the right at the oscillation phase depicted. No significant displacements of the field line feet occur in the ionosphere, however, where the field strengths are many orders of magnitude larger than the perturbation fields.
[24] Figure 7c then shows the field line distortions associated with the equatorial field directed from left to right. In this case following a field line from a given point on the equator to the ionosphere shows that on the left of the diagram the field line feet are displaced poleward in the northern hemisphere and equatorward in the southern hemisphere, and vice versa on the right of the diagram. It can therefore be seen that the field lines in the southern hemisphere are displaced toward the left at the instant depicted, i.e., in the direction opposite to the perturbation field simultaneously present in the equatorial magnetosphere. This displacement is therefore in the same sense relative to the equatorial field as found for the southern oval in section 4 above, such that we suggest that this effect is directly related to the observed oscillations of the southern oval. We note that the same direction of displacement is implicit in the field modeling study briefly reported by Nichols et al. [2008] . With regard to the corresponding behavior in the northern hemisphere, unmeasured to date, we note that the simultaneous displacement in Figure 7c is to the right at the instant depicted, i.e., in the same direction as the equatorial perturbation field. This discussion therefore suggests that the oscillatory displacements of the oval will be oppositely directed in the two hemispheres.
[25] To put this result in somewhat different but related terms, the magnetic moment of the rotating current system that gives rise to the magnetic perturbations shown in Figure 7a [see, e.g., Provan et al., 2009, Figure 11 ] is directed parallel to the equatorial field in the low-latitude magnetosphere, thus pointing from left to right in Figure 7 . When combined with the planetary dipole pointing upward in the Figure 7 , the overall dipole is thus tilted toward the right, such that the northern oval will also be displaced to the right, in the direction of the equatorial field, while the southern oval will be displaced to the left, opposite to the direction of the equatorial field as observed. A corollary of this picture is that the magnetic equatorial plane where the radial field changes sign will also become tilted relative to the spin equator in accordance with the tilt of the overall dipole, such that, e.g., the northward normal to the magnetic equator is, like the dipole, also tilted to the right in Figure 7c (away from the strong ring current sector), as can be seen from the field lines shown. A rotating tilt of the magnetic equator relative to the spin equator will therefore also occur as the current system and associated magnetic perturbations rotate about the north-south axis, leading also to a rotating tilt of the equatorial magnetospheric plasma populations. Oscillatory tilting of the equatorial plasma sheet in the noonmidnight plane near the planetary period has recently been reported by Carbary et al. [2008b] , using Cassini energetic neutral atom images. A detailed analysis of the phase of these oscillations has yet to be undertaken, but since we know that the equatorial perturbation field and transverse dipole produced by the external current system points approximately tailward at SKR power maxima (e.g., Figure 6 ), the northern normal of the magnetic equator and plasma sheet should also tilt tailward relative to the spin and magnetic axis at such times. This is indeed the phasing of the plasma sheet tilt found by Carbary et al. [2008b] , such that the rotating equatorial field perturbations, the tilting plasma sheet, and the oscillating auroral oval together form a consistent picture. Although this discussion may thus provide an initial basis for understanding the relations between these phenomena, we note that it gives no immediate explanation for the strongly elliptical nature of the observed oval motions.
[26] With regard to the physical origins of these phenomena, we note that both Provan et al. [2009] and Khurana et al. [2009] have invoked the presence of a rotating asymmetric ring current as a central feature, as mentioned previously in section 1. However, while Provan et al. [2009] attribute the above effects to a seasonal hemispheric asymmetry in the field-aligned currents that close the ring current through the ionosphere, Khurana et al. [2009] instead invoke the seasonal dependence of the solar wind flow direction relative to the tilted spin and magnetic axis of the planet. Interestingly, these two pictures lead to opposite predictions as to the sense of the equatorial tilting relative to the strong ring current sector, which may provide a means to distinguish between them. For example, under the southern summer conditions which have prevailed during the initial phase of the Cassini mission, Khurana et al.'s [2009] model predicts that the northward normal to the magnetic equator is tilted toward the sector containing the enhanced ring current, while Provan et al.'s [2009] model predicts that it is tilted away. Both effects would reverse in sense under northern summer conditions.
[27] We finally comment on the relation between the oscillatory field and oval tilting phenomena discussed here and the modulation of the emitted SKR power. In the model discussed by Provan et al. [2009] it is suggested that the modulated emissions are produced by accelerated electrons flowing down the field lines in the rotating system of upward-directed field-aligned currents that are connected to the enhanced sector of the equatorial ring current. The phasing of the SKR modulation then suggests that the electron acceleration and radio power output are at a maximum when the upward-directed current region is centered in the postdawn sector, with the enhanced ring current on the dayside. The equatorial perturbation field and effective transverse dipole then point tailward for southern summer conditions (as observed to date), or sunward for northern summer conditions. The reason that the dawn sector is favored for maximum radio output (and by implication maximum field-aligned current density) is not presently understood, but it has long been known that SKR emission favors the prenoon sector [e.g., Lecacheux and Genova, 1983; Galopeau et al., 1995] . Further, in Provan et al.'s [2009] picture (unlike that of Southwood and Kivelson [2007] ) the senses of the field-aligned currents in the two hemispheres at a given local time are always the same as each other, either outward or inward, though stronger in the summer than in the winter hemisphere. Thus it is plausible within this picture that radio emissions from the northern and southern hemispheres are modulated in phase with each other, as is also well established to occur [e.g., Lamy et al., 2008] , though again possibly being stronger in the summer then the winter hemisphere. If the configuration described above with upward-directed field-aligned currents in the dawn sector is the key feature of SKR power maxima, then the relationship to the auroral oval displacement is simply that the summer oval is displaced sunward and the winter oval displaced tailward at SKR maxima. Thus while the results in section 5 show that under southern summer conditions the southern oval is displaced sunward at SKR power maxima, in conformity with this discussion, we then expect that under northern summer conditions the northern oval would instead be displaced sunward at SKR power maxima.
Summary
[28] In this paper we have examined the phase relationship between the oscillations of Saturn's southern auroral oval determined by Nichols et al. [2008] from UV images obtained during two HST campaigns, in January 2007 and February 2008 , and the rotating equatorial magnetic field perturbations studied by Provan et al. [2009] over the interval 2004 -2007 . The magnetic phase model derived in the latter study thus encompasses only the first HST campaign interval, but field data from the first quarter of 2008 have been used to verify that the model may appropriately be extrapolated to the February 2008 HST campaign interval. We have also examined the relationship of the oval oscillation phase to the SKR power modulation phase determined by Kurth et al. [2008] from 2004 to mid-2007, but only for the January 2007 HST campaign in that case. Our principal findings are as follows.
[29] 1. The displacement of the southern auroral oval from its mean position was found to be directed approximately opposite to the direction of the rotating magnetic field in the equatorial plane for both HST campaigns. Specifically, the phase difference between these oscillations was found to be $180°± 30°during the January campaign, and $170°± 35°during the February 2008 campaign, the quoted uncertainties arising primarily from the slight difference in periods deduced for the oval and magnetic field oscillations during the campaign intervals.
[30] 2. Since periodic SKR maxima occur at times when the rotating equatorial field points approximately tailward, as previously determined by Andrews et al. [2008] and Provan et al. [2009] , the displacement of the southern oval at these times is directed approximately sunward. Examination of the SKR phase model of Kurth et al. [2008] during the January 2007 HST campaign interval indicates that the oval displacement from its mean position at SKR maxima is directed within $±35°of the sunward direction. Possible relations with the shorter-period SKR modulations during the campaign interval reported by Kurth et al. [2008] are less clear-cut by a factor of three.
[31] 3. It is suggested that the oscillating oval displacement is related to magnetospheric field line distortions associated with the observed rotating magnetic field perturbations. In particular, the presence of a rotating quasi-uniform equatorial field in the near-equatorial magnetosphere will lead to rotating shifts in the feet of closed field lines in the southern ionosphere in the sense determined. The corresponding rotating shift in the northern hemisphere, as yet unobserved, is directed opposite to that in the south, thus being in the same sense as the rotating equatorial field. This picture is consistent with the periodic tilting of the equatorial plasma sheet reported recently by Carbary et al. [2008b] . However, the picture provides no immediate explanation for the significantly elliptical nature of the observed oval motion, which indicates a significantly greater response of the southern oval in the prenoon to premidnight direction than in the orthogonal direction. The general relation to the SKR modulation is suggested to be one in which the summer oval is displaced sunward at SKR power maxima.
